Abstract : This paper demonstrates that the combination of the optical low-coherence reflectometry and the layer-peeling algorithm is a suitable method to measure the index profile of fiber Bragg gratings.
Introduction
The determination of the index profiles of Fiber Bragg Gratings (FBGs) is more and more desired in order to improve their spectral and temporal performances in particular for high bite rate transmission systems. Some methods as tranverse diffraction technique, local heating technique or Optical Space Domain Reflectometry (OSDR) can be used but they are more suitable for highly reflective gratings. In general, their sensitivity is not sufficient to dectect index modulation amplitude below 1 lo-'. An alternative method is based on the association of the Optical Low-Coherence Reflectometry (OLCR) and an inverse scattering algorithm called layer-peeling [ 11. The OLCR measures the complex reflection coefficient which is necessary for the layer-peeling to retrieve the index profile of FBGs. The aim of this paper is to demonstrate the efficiency of this method. The sensitivity of the index modulation amplitude and phase measurements are studied. An application of our method to the determination of axial strain distribution is also presented.
OLCR and layer-peeling
FBGs are a periodic refractive index modulation in the core of optical fibers, induced by W exposure. This index perturbation An(.) is generally written as the following form :
where AnAc is the index modulation amplitude and AnDc is the mean index variation. A(z) is the period of the grating. For uniform gratings A(z) = A0 and for gratings with linear chirp A(z) is expressed as A ( z ) = a P + Ao.
The layer-peeling algorithm is based on the coupled mode theory. By knowning the complex reflexion coefficient, this algorithm gives the coupling coefficient O ( r ) which is expressed by the following relation :
where neo is the unperturbed effective index of the fiber and q the fraction of the modal power contained in the fiber core. @ ( I ) corresponds to the phase of the grating. The equation 2 shows that the index modulation amplitude and the phase of the grating can easily be determined. However, the layer-peeling algorithm can only be used if the complex reflexion coefficient of FBGs is measured accurately. The OLCR is admitted as a suitable method to do it. Severals papers [2,3,4] have demonstrated its efficiency. A description of our experimental set-up and the first results we obtained can be found in [ 5 ] .
As all inverse scattering algorithms, the layer-peeling is hindered due to the presence of noise in the complex reflexion coefficient measurements, especially for high reflexion coefficient. So, it can't determine correctly the index profile of FBGs having reflexion coefficient upper than 90 %. It's the highest limit we obtained so that the index profiles determined by the layer-peeling and the transverse diffraction technique (Krugg method [6] ) are in good agreement. The figure 1 shows the index modulation amplitudes obtained by both methods for a uniform FBG whose reflexion coefficient is equal to 90 %. We can notice that the index profiles exhibit some ripples. They are not an artefact of the layer-peeling algorithm since they appear also for the transverse diffraction measurement. They are due to internal reflexion in the phase mask. To evaluate the repetability of ten successives measurements, the maximum relative difference has been calculated. In the figure I, we can see that these differences remain lower than 3 %, which demonstrates the high repetability of our measurements. It's clear that the layer-peeling algorithm is most suitable for weak gratings. However, if the coupling strength becomes too small, the noise can hinder the index profile reconstruction. To illustrate this fact, the figure 2 shows the index profile of a grating whose reflexion coefficient is equal to only I W . In this case, the index modulation amplitude doesn't exceed 2. 5 and we can see that the maximum relative difference is a little higher than in the previous case. Nevertheless, it remains lower than 4 8. It's important to emphasize that the index profile presented in this figure can't be detected by the diffration technique. This proves the high sensitivity of our method. To show more precisely the sensitivity, the index profile of a particular grating has been measured. Seven uniform, 500 p m long, gratings were written successively and the index modulation amplitude was divided approximately by two from one grating to the next. The measured index profile reveals well this step structure (cf. figure 3) . The first step has a high index modulation amplitude close to 1 loW3. The last step is very small since the index modulation amplitude is below 2 loW5. This results demonstrate that the association of the layerpeeling and OLCR techniques is perfectly suitable for the measurement of index profile whose amplitude is as small as 1 lor5. 
Phase grating measurement
An other advantage of our technique is that the phase of the grating can be measured. For example, a R phaseshift grating has been studied. Theoretically, if we assume that the mean index A n D c ( t ) is constant along the grating, the phase grating can be modeled by :
where zo is the position of the phase-shift in the grating.
The figure 4 shows the phase we obtained for this grating. This phase is linear with t and in the middle of the grating, we can see the phase-shift which expands over 50 fim. Sometimes. it can be less long, this depends on the fabrication process. The figure in insert shows that the amplitude of the phase-shift is close to R as expected. Thus, this result demonstrates the efficiency of our method to measure the phase grating. 
Axial strain distribution measurement
When FBGs are subjected to an axial force, both the grating period and the refractive index are modified. Indeed, the refractive index is changed due to the photoelastic effect :
where PI,, Plz are the strain-optic coefficients and U the Poisson's ratio of the FBG. The grating period variation is related to the strain by the following relation :
Taking into account these two effects, the phase of the grating modified by an axial strain becomes : So, the axial strain can he obtained simply by differentiating the phase. In order to test this method, an uniform FBG, 4 mm long, has been embedded in a parallelepipedal sample of epoxy resin in which two holes have been drilled symmetrically beside the sensor ( figure 5 ). This scheme permits to obtain a non-uniform strain along the grating. Figure 6 (a) shows the strains obtained from different tensile loads. Without applied force, the strain curve is a straight line despite some small ripples. For a force equal to 1200 N, the curve appears rounded as shows it the figure 6(b) . This indicates that the strain is not uniform along the grating. The dissymetry of the measurement is only due to the fact that the two boles are not perfectly centered to the middle of the FBG. 
Conclusion
The association of OLCR and layer-peeling is an efficient method for the index profile of FBGs characterization. Thanks to its high sensitivity, index modulation amplitude variations as small as 1 can be detected. Moreover, this method gives the phase of the grating, which permits to localize phase-shift or to measure the mean index variation in the case of uniform gratings. Such phase grating measurements can also he used in sensor applications. Indeed, we demonstrated that non-uniform axial strain distribution can he measured.
